The interactions of tumorigenic and nontumorigenic human and rodent cells with vascular endothelial cells and their underlying extracellular matrix were studied in culture. Gospodarowicz (9) (10) (11) . Endothelial cells were used at passage 4-8. BAE cells were routinely cultured in Dulbecco's modified Eagle's medium supplemented with 10% calf bovine serum (Irvine Scientific), and human umbilical cord endothelial cells were cultured in medium 199 plus 20% fetal bovine serum. Fibroblast growth factor was purified as described (11) and added every other day at a concentration of 100-500 ng/ml. At confluency the serum concentration was reduced to 5% and fibroblast growth factor at 5 ng/ml was added every other day.
Malignant cells possess the abilities to invade into surrounding normal tissues and disseminate to form secondary tumors (metastases) at near and distant host sites (1) (2) (3) . Two critical stages during blood-borne metastatic spread are circulating tumor cell (a) arrest or attachment to the vascular endothelium and (b) extravasation or invasion of the vascular endothelium and underlying basement membrane. Although little is known concerning the mechanism of blood-borne tumor cell arrest (2, 3) , several theories have been proposed for extravasation: (i) endothelium penetration by breakage of endothelial intercellular junctions (4, 5) , (ii) cytotoxic or enzymatic destruction of endothelial cells adjacent to tumor cells (6, 7) , (iii) extension of tumor cell pseudopodia through endothelial cell cytoplasm (8) , and (iv) endothelial vessel rupture due to proliferation of tumor cells at the site of arrest (4) . Due to the difficulties in studying tumor cell extravasation in vivo we have developed an in vitro model to evaluate malignant tumor cell interactions with vascular endothelial cells. This model utilizes cultured vascular endothelial cells, which form a uniform cell monolayer, intercellular junctions, and a basal lateral extracellular matrix (9) (10) (11) (12) . METHODS Cells. Cloned calf bovine aortic endothelial cells (BAE) and human umbilical cord endothelial cells were obtained from D. Gospodarowicz (9) (10) (11) . Endothelial cells were used at passage 4-8. BAE cells were routinely cultured in Dulbecco's modified Eagle's medium supplemented with 10% calf bovine serum (Irvine Scientific), and human umbilical cord endothelial cells were cultured in medium 199 plus 20% fetal bovine serum. Fibroblast growth factor was purified as described (11) and added every other day at a concentration of 100-500 ng/ml. At confluency the serum concentration was reduced to 5% and fibroblast growth factor at 5 ng/ml was added every other day.
Tumorigenic and nontumorigenic cell lines were obtained and grown as referenced in Table 1 (28) . After incubation for various times at 370C, the culture dishes were examined by time-lapse or phase-contrast microscopy (see legend to Table 1 ). Some of the endothelial monolayers were carefully washed with phosphate buffered saline (28) at 370C by aspiration and fixed in phosphate-buffered saline/1.5% glutaraldehyde for 10 min at 370C and then for 1-3 hr at 220C. The glutaraldehyde-fixed monolayers were prepared for scanning or transmission electron microscopy after postfixation in 1% osmium tetroxide/1 mM CaCl2/0.1 M sodium phosphate, buffer, pH 7.2, for 0.5 hr at room temperature. For scanning electron microscopy, monolayer samples were dehydrated through a graded series of ethanol, transferred to Freon 113, and critical-point dried (29) . After they were coated with 50-100 A of gold/palladium ( The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (>70% adherent by 3 hr); these same cells failed to attach at 4VC (<5% adherent). In general, a majority of the seeded cells adhered to the endothelial monolayers at or near junctional regions between adjacent endothelial cells.
Cells attached to endothelial monolayers remained spherical and were capable of motile migration on the dorsal surfaces of endothelial cells (Fig. 1 A and B) . At this stage endothelial monolayers were completely confluent, and only rarely were gaps found between adjacent endothelial cells. Initial adhesions of B16 melanoma cells to endothelial cells appeared to involve microvilli that attached to the endothelial cell surface as well as more intimate plasma membrane contacts between adherent and endothelial cells ( Figs. 2A and 3A) .
Retraction. Cells that adhered strongly to endothelial cell monolayers were capable of causing intercellular junction disruption and endothelial cell retraction. After strong attachment, adherent cells were observed to emit microvilli and small lamellopodia, which often penetrated beneath neighbor endothelial cells (Figs. 1B, 2 B and C, and 3B ). Endothelial cells frequently underwent extensive cell retraction at the site of adherent cell contacts, exposing regions of underlying extracellular matrix (Fig. 2C) .
Invasion-Migration. After endothelial cell retraction most adherent cells penetrated to and spread on the underlying extracellular matrix and invaded under neighboring endothelial cells. The penetration and invasion of vascular endothelial monolayers was seen with almost all of the'adherent cell lines, but only those cells that had adhered near endothelial junctions appeared to be capable of subsequent invasion. Nontumorigenic cell lines such as mouse embryonic fibroblasts were unable to penetrate beneath and migrate under endothelial cell monolayers (Table 1) . However, tumor cell lines such as B16 melanoma which possess high malignant potential in vivo (33) and high invasive potential in cell culture (34) rapidly penetrated the endothelial cell monolayers (Figs. 2 B and C) and extended cellular processes under adjacent endothelial cells between the extracellular matrix and the dorsal endothelial cell surface (Fig.  3B) . In time many of the invading tumor cells penetrated completely under the endothelial monolayers, spread, and began actively migrating (Fig. ID) . Examination of the endothelial and tumor cells by transmission electron microscopy indicated that the endothelial cell monolayers reformed and eventually reestablished extensive intercellular junctions, resulting in a walling-off of the migrating malignant cells (Fig.  3C) . The entire sequence of events from initial adhesion to walling off of invading cells was variable but often occurred in less than 3 hr. DISCUSSION Tumor cell attachment to and invasion of endothelial monolayers in tissue culture appeared to be similar to blood-borne tumor arrest and extravasation in vivo. Various studies (4, 5, 35, 36) on tumor cell extravasation have suggested that neoplastic cells invade blood vessels at sites near or at endothelial intercellular junctions that are broken and subsequently reseal after tumor cell penetration, in a manner analogous to leukocyte emigration (37) . However, in contrast to some reports (38) (39) (40) , tumor cells in our studies were never observed to penetrate directly through endothelial cytoplasms. The time required for tumor cell adhesion, invasion, and complete migration under endothelial cells in vitro was quite variable and occurred in most experiments in less than 3 hr depending on the tumor cell-endothelial cell combination. Various times (2-48 hr) have been recorded in avo for tumor cell extravasation (36, 41, 42) . (45) . Tumor cells, which lack the property of contact-inhibition of cell movement (46) (50) .
